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Modifications to the distribution of charged particles with respect to high transverse
momentum (pT) jets passing through a quark-gluon plasma are explored using the





= 5.02 TeV via correlations of charged particles in bins of relative pseu-
dorapidity and angular distance from the leading and subleading jet axes. In compar-
ing the lead-lead and proton-proton collision results, modifications to the charged-
particle relative distance distribution and to the momentum distributions around the
jet axis are found to depend on the dijet momentum balance xj, which is the ratio be-
tween the subleading and leading jet pT. For events with xj ≈ 1, these modifications
are observed for both the leading and subleading jets. However, while subleading jets
show significant modifications for events with a larger dijet momentum imbalance,
much smaller modifications are found for the leading jets in these events.
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In relativistic heavy ion collisions, high transverse momentum (pT) jets originate from partons
that have undergone a hard scattering and may be used to probe the properties of the quark-
gluon plasma (QGP) created in such collisions [1]. One phenomenon related to the properties
of the QGP is parton energy loss [2], also known as jet quenching, which was first observed at
the BNL RHIC [3, 4] and subsequently at the CERN LHC [5–8]. Jet quenching is seen as a sup-
pression of high-pT leading charged-particle and jet yields in heavy ion collisions relative to a
proton-proton (pp) reference [9–12]. Using data collected at the LHC, studies have shown that
the jet structure is also modified by the medium, as observed with measurements of the frag-
mentation functions [13, 14], and by the distribution of charged-particle pT as a function of the
radial distance from the jet axis [15]. These modifications are found to extend to large distances
in relative pseudorapidity (∆η) and relative azimuth (∆ϕ) with respect to the jet axis [16–19].
Various theoretical models have attempted to account for these modifications [20–25] and while
most models reproduce the modifications close to the jet axis, the large modifications observed
far from the jet axis ∆r =
√
(∆ϕ)2 + (∆η)2 > 0.5 are not yet well modeled.





= 5.02 TeV in 2017 and 2018, corresponding to integrated luminosities
of 320 pb−1 for pp and 1.7 nb−1 for lead-lead (PbPb) collisions, respectively. Events are selected
with nearly back-to-back (∆ϕ > 5π/6), high-pT leading and subleading jet pairs. Correlations
in relative pseudorapidity are measured for charged particles with respect to both the leading
and subleading jet axes, where the relative azimuthal angle between the jet axes and charged
particles is restricted to |∆ϕ| < 1.0. The “jet shape,” which is the distribution of charged-
particle transverse momentum (pchT ) as a function of the distance from the jet axis ∆r, is also
studied. Results are presented differentially as functions of PbPb collision centrality (i.e., the
degree of overlap of the colliding nuclei, with head-on collisions defined as “most central”) [7],




T . Compared to previous jet shape
analyses in Refs. [18, 19], the large PbPb data sample recorded in 2018 allows for differentiation
in xj for leading and subleading jet shapes extended to large distances from the jet axis.
2 The CMS experiment
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of barrel and two endcap sections. Two
hadronic forward (HF) steel and quartz-fiber calorimeters complement the barrel and endcap
detectors, extending the calorimeter from the range |η| < 3.0 provided by the barrel and end-
cap out to |η| < 5.2. The HF calorimeters are segmented to form 0.175×0.175 (∆η×∆ϕ) towers.
The sum of the transverse energies detected in the HF detectors (3.0 < |η| < 5.2) is used to
define the event centrality in PbPb events and to divide the event sample into centrality classes,
each representing a percentage of the total nucleus-nucleus hadronic interaction cross section.
A detailed description of the centrality determination can be found in Ref. [7].
Jets used in this analysis are reconstructed within the range |η| < 1.6. In the region |η| < 1.74,
the HCAL cells have widths of 0.087 in both η and ϕ and thus provide high granularity. Within
the central barrel region of |η| < 1.48, the HCAL cells map onto 5×5 ECAL crystal arrays
to form calorimeter towers projecting radially outwards from the nominal interaction point.
Within each tower, the energy deposits in ECAL and HCAL cells are summed to define the
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calorimeter tower energy.
The CMS silicon tracker measures charged-particle tracks within |η| < 2.5. It consists of 1856
silicon pixel and 15 148 silicon strip detector modules. Muons are measured in the pseudo-
rapidity range |η| < 2.4, with detection planes made using three technologies: drift tubes,
cathode strip chambers, and resistive plate chambers.
Events of interest are selected using a two-tiered trigger system. The first level (L1), composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select events at a rate of around 100 kHz [26]. The second level, known as the high-level
trigger (HLT), consists of a farm of processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the event rate to around 1 kHz before data
storage [27].
A detailed description of the CMS detector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found in Ref. [28].
3 Event selection
The pp and PbPb data are selected with a calorimeter-based HLT trigger that uses the anti-
kT jet clustering algorithm with a distance parameter of R = 0.4 [29]. The trigger requires
events to contain at least one jet with pT > 80 and > 100 GeV for pp and PbPb collisions,
respectively. For PbPb collisions, the underlying event contribution is subtracted from the jet
pT using an iterative method [30] before comparing to the threshold. The data sample selected
by this trigger is referred to as “jet-triggered.” For the PbPb event selection, a minimum bias
triggered [31] sample is also used in the analysis.
To reduce contamination from noncollision events, including calorimeter noise and beam-gas
collisions, vertex and noise filters are applied offline to both the pp and PbPb data, follow-
ing previous analyses of lower-energy data [6, 7]. These filters include requirements that at
least three HF towers on either side of the interaction point have a tower energy above 3 GeV
and that the vertex position along the beam line lies within 15 cm of the nominal interaction
point. The average pileup (the number of collisions per beam bunch crossing) is about 2 in
pp, and close to 1 in PbPb collisions. Because of the low pileup in the data samples, no pileup
corrections are necessary.
Monte Carlo simulated event samples are used to evaluate the performance of the event re-
construction, particularly the track reconstruction efficiency, and the jet energy response and
resolution. The hard scattering, parton shower, and fragmentation of the partons are mod-
eled using the PYTHIA 8 event generator with tune CP5 [32, 33]. The specific PYTHIA version
used is 8.226 and the parton distribution function set is NNPDF3.1 at next-to-next-to-leading
order [34]. The CMS detector response is simulated using the GEANT4 toolkit [35]. The soft
underlying event for the PbPb collisions is simulated by the HYDJET 1.9 event generator [36].
The energy density in the HYDJET simulation is tuned to match the data by shifting the cen-
trality binning in standard HYDJET simulation by 5 percentage points upwards. This tuning is
based on a random cone study, where rigid cones with a radius 0.4 are placed in random direc-
tions in events, and the energy densities in the cones are determined by summing the particle
transverse momenta within the cone. The above tuning provides the best agreement in ran-
dom cone energy densities between data and HYDJET. To simulate jet events in PbPb collisions,
PYTHIA 8 generated hard events are embedded into soft HYDJET events. This sample is denoted
as PYTHIA+HYDJET.
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In PbPb collisions, jets are produced more frequently in central events than in noncentral events
because of the large number of binary collisions per nuclear interaction. A centrality-based
reweighting is applied to the PYTHIA+HYDJET sample in order to match the centrality distri-
bution of the jet-triggered PbPb data. An additional reweighting procedure is performed to
match the simulated vertex distributions to data for both the pp and PbPb samples.
The event selection works as follows. First, the two jets with highest pT are located in the
range of |η| < 2. The highest pT jet is called the leading jet and it is required to pass a pT
cut of pT,1 > 120 GeV. The second highest pT jet is termed the subleading jet and for it a cut
pT,2 > 50 GeV is applied. Then, the back-to-back requirement, a condition demanding that the
jet separation in ϕ obeys ∆ϕ1,2 > 5π/6 is enforced. Finally, both jets are required to fall within
|η| < 1.6 to ensure the most stable jet reconstruction performance and to allow for good tracker
acceptance on both sides of the jets. There is no veto for additional jets in the event. The events
containing such pairs of back-to-back jets are referred as dijet events for the remainder of the
paper.
4 Jet and track reconstruction
For this analysis, jets in both pp and PbPb collisions are reconstructed using the anti-kT algo-
rithm with a distance parameter R = 0.4, as implemented in the FASTJET framework [37]. A
particle flow (PF) algorithm using an optimized combination of information from various el-
ements of the CMS detector is used to reconstruct leptons, photons, and charged and neutral
hadrons [38]. These PF candidates are employed to reconstruct the jets used in this analysis.
The jets are first clustered using E-scheme clustering [37] and the jet axis is recalculated with
the winner-take-all algorithm [39, 40] using anti-kT and the same constituents. In the E-scheme
clustering, particle pairs are iteratively combined to form pseudo-jets (an object that is a combi-
nation of particles or other pseudo-jets), with the direction of the new pseudo-jet given by the
sum of the four-momenta of the particles. In the winner-take-all scheme, the direction of the
new pseudo-jet in each iteration is aligned with the direction of the particle or pseudo-jet with
higher pT. It follows that the E-scheme axis for the final jet is given by the sum of pseudo-jet
four-momenta, while the winner-take-all axis is determined by the axis of the hardest pseudo-
jet. The winner-take-all axis is preferred in this analysis over the default E-scheme axis because
of an artificial feature created by the E-scheme axis that results in a strong depletion of parti-
cles just outside of the jet cone radius. Not having to correct for this feature leads to smaller
uncertainties.
In order to subtract the soft underlying event contribution to the jet energy in PbPb collisions, a
constituent subtraction method [41] is employed. This involves a particle-by-particle approach
that corrects jet constituents based on the local average underlying event density. The energy
density is estimated using an event-by-event, iterative algorithm [30] that finds the mean value,
〈EPF〉, and dispersion, σ(EPF), of the energies from the PF candidates in η strips [6, 7]. In
pp collisions, where the underlying event level is negligible, jets are reconstructed without
underlying event subtraction.
The track reconstruction used in pp and PbPb collisions is described in Ref. [42]. For the
charged-particle tracks used in jet to charged-particle correlations, it is required that the rel-
ative pT uncertainty of each track is less than 10%. In PbPb collisions, tracks must also have
at least 11 hits in the tracker layers and satisfy a stringent fit quality requirement, specifically
that the χ2, divided by the product of the number of fit degrees of freedom and the number
of tracker layers hit, be less than 0.18. Furthermore, it is required that the significance of the
distance of closest approach of a charged-particle track to at least one primary vertex in the
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Table 1: The total number of events for pp and for different PbPb centrality bins are shown in
the top row. The other rows show the percentage of all events that falls within a given xj bin.
xj 0–10% 10–30% 30–50% 50–90% pp
0 < xj < 1 5.8× 105 6.6× 105 2.6× 105 0.78× 105 110× 105
0 < xj < 0.6 40% 35% 29% 26% 24%
0.6 < xj < 0.8 33% 34% 36% 35% 36%
0.8 < xj < 1 27% 31% 35% 39% 40%
event is less than 3 standard deviations. This is done to decrease the likelihood of counting
nonprimary charged particles originating from secondary decay products, and is applied for
both pp and PbPb collisions. Finally, for PbPb collisions a selection based on the relationship
of a track to the calorimeter energy deposits along its trajectory is applied in order to reduce
the contribution of misreconstructed tracks with very high pT. Tracks with pT > 20 GeV are
required to have an associated energy deposit of at least half of their momentum in the CMS
calorimeters. Corrections for tracking efficiency, detector acceptance, and misreconstruction
rate are obtained and applied following the procedure of Ref. [43].
5 Jet to charged-particle angular correlations
Correlations between reconstructed jets and charged-particle tracks are studied by forming a
two-dimensional distribution of ∆η and ∆ϕ of the charged particles relative to the jet axis.
Events in PbPb collisions are divided into four centrality intervals, 0–10, 10–30, 30–50, and 50–
90%, based on the total energy collected in the HF calorimeter [7]. The events are also binned
by the charged-particle pT with bin boundaries of 0.7, 1, 2, 3, 4, 8, 12, and 300 GeV and in the
dijet momentum balance xj with bin boundaries of 0, 0.6, 0.8, and 1. The effects of jet en-
ergy resolution to the xj binning are explored in Appendix A. The two-dimensional correlation
histograms are filled by correlating all charged particles in the event with the leading jet and
the subleading jet, separately. For the jet shape measurement, each entry is weighted by the
charged particle pT value. The histograms are then normalized by the number of dijets. The
numbers of dijets in the data samples for each xj and centrality bin are summarized in Table 1.
Since the detector has limited acceptance in η, it is more probable to find jet-charged-particle
pairs with small rather than large ∆η values. Thus, the raw correlations have a shape where the
charged-particle yield strongly decreases toward large ∆η. A mixed-event method is employed
to correct for these detector acceptance effects. In this method, the jet and charged particles
from different events are mixed to ensure that no physical correlations exist in the resulting
distribution. What is left is the structure arising from the detector acceptance. When the mixed
events are constructed, it is required that the primary vertex positions along the beam axis
match within 0.5 cm and that the centrality values match within 0.5 percentage points between
the two events. For pp collisions, a jet-triggered sample is used for the mixed events, while for
PbPb collisions a minimum bias sample is used to properly capture the long range correlations.
This procedure is similar to that used in previous analyses [18, 19]. Denoting the number of
dijets satisfying the selection criteria as Ndijet, the per-dijet associated charged-particle yield









where N is the number of jet-particle pairs, the signal pair distribution S(∆η, ∆ϕ) represents
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The ratio ME(0, 0)/ME(∆η, ∆ϕ) is the normalized correction factor. The maximum of the
mixed event distribution can be found at (0, 0) as no pairs with ∆η = 0 are lost as a conse-
quence of acceptance effects.
The acceptance-corrected distribution has contributions from several sources. The jet correla-
tion shows up as a Gaussian peak around (∆η, ∆ϕ) = (0, 0) together with a peak elongated in
∆η around ∆ϕ = π. While the underlying event contribution to jet energy and momentum is
corrected for as previously discussed in Section 4, the underlying event particles paired with
the jet remain within the acceptance-corrected distribution, and thus have to be removed. To
model this background, the ∆ϕ distribution is averaged over the region 1.5 < |∆η| < 2.5 on
the near side ( |∆ϕ| < π/2) of the jet. The same background region criteria are used for cor-
relations of charged particles with both leading and subleading jets and the backgrounds are
combined to cover the full ∆ϕ range. This procedure is applied to avoid an “eta swing” effect.
Momentum conservation dictates that in a statistical ensemble of dijets, the two jets must be
approximately back-to-back in ∆ϕ, but no such requirement exists for the ∆η separation. Thus,
the away side (|∆ϕ| > π/2) jet peak is prolonged in ∆η in jet to charged-particle correlation
distributions. To avoid mixing the jet signal with the background, the away side region needs
to be avoided in the background estimation. The background determined using the respec-
tive near-side components is propagated to the full (∆η, ∆ϕ) plane and subtracted from the
acceptance-corrected distribution to obtain the jet signal.
Finally, simulation-based corrections are applied to account for a bias toward selecting jets
with a harder constituent pT spectrum (affecting PbPb and pp events similarly) and a bias
toward selecting jets that are affected by upward fluctuations in the soft underlying event yield
(relevant for PbPb events only). Jets with a harder constituent pT spectrum are more likely
to be successfully reconstructed than jets with a softer pT spectrum because the calorimeter
response does not scale linearly with the incident particle energy, resulting in a bias toward the
selection of jets with fewer associated particles. A residual correction for this bias is derived
and applied following the method described in Refs. [16–18], by comparing per-jet yields of
generated particles correlated to reconstructed jets relative to those correlated to generated
jets. This correction is derived using a PYTHIA 8 simulation for pp events and considering
only generated particles coming from the embedded PYTHIA hard process in PYTHIA+HYDJET
simulation for PbPb events.
For PbPb events, there is an additional jet reconstruction bias toward the selection of jets that
are produced in the vicinity of upward fluctuations in the underlying event background. The
underlying event fluctuations together with a steeply falling jet pT spectrum produce a resolu-
tion effect on the jet energy scale. This causes more jets associated with upward fluctuations
than with downward fluctuations of the underlying event to pass the analysis threshold. To
account for this bias, a similar procedure to that outlined in Refs. [17, 18, 44] is followed. Cor-
relations in the PYTHIA+HYDJET sample between reconstructed jets and generated particles are
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constructed using only particles from the HYDJET underlying event, excluding those from the
embedded hard process. This gives an estimate of the underlying event yield on top of which
the jet correlations are found in the data. To reduce the fluctuations in the generated sample,
the obtained distribution is symmetrized in ∆η and ∆ϕ, before being applied as a correction to
the PbPb data.
6 Systematic uncertainties
The following sources of uncertainty are considered in this analysis:
• Underlying event fluctuation bias. This source accounts for uncertainties in correcting
for the jet reconstruction bias resulting from upwards fluctuations of the underly-
ing event background. Three different causes are considered. The first is a potential
difference between the quark and gluon jet fraction in simulation and in data. The
potential difference is estimated to be less than 25% using a template fit to the mul-
tiplicity distribution of PF candidates within the jet cone in the data. Then the un-
certainty is estimated by varying the quark/gluon jet fraction in simulation by this
amount. The second source considers the difference in the underlying event energy
density between simulation and data, and is estimated by random cone studies. The
uncertainty is determined by varying the centrality binning of the HYDJET simula-
tion by 1 percentage point around the best match to data, which is the range giving
a reasonable agreement. Finally, there is the uncertainty in the underlying event
level for the simulation from which the underlying event fluctuation bias correction
is derived. This uncertainty is obtained in a similar manner as for data, as discussed
below in the “underlying event subtraction” bullet point.
• Jet fragmentation bias. Most of the detector and resolution effects contributing to the
jet fragmentation bias uncertainty arise from the uncertainty in the ratios of quark
and gluon jets between data and simulation, as discussed for the underlying event
fluctuation bias above. Deriving the corrections separately for quark and gluon jets
and varying their relative contribution within the estimated difference between data
and Monte Carlo, a 10% variation in the fragmentation bias correction is observed.
This difference is assigned as a systematic uncertainty.
• Jet energy scale. These uncertainties are estimated by varying the jet energy correc-
tions within their uncertainties and seeing how these changes affect the final cor-
relations. The uncertainties of the jet energy corrections are discussed in detail in
Ref. [45].
• Jet energy resolution. This uncertainty is estimated by adding a Gaussian spread to
the nominal jet energies such that the jet energy resolution estimated from the simu-
lation is worsened by 20% and comparing the obtained results to the nominal ones.
The value of 20% comes from the maximal estimated difference in the jet energy
resolution between data and simulation.
• Trigger bias. The calorimeter-based trigger with a threshold of 100 GeV is not fully
efficient for the PbPb collisions. To see if this has an effect on the final results, the
analysis was repeated requiring a prescaled trigger with a threshold of 80 GeV and
the results with this trigger were compared to the nominal ones. For the leading jet
shapes, it was found that there is a 2% yield difference in the bin closest to the jet
axis, while for the other bins and for the subleading jets the difference is negligible.
The 2% difference is therefore applied as a systematic uncertainty on the first bin.
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The trigger used for the pp collisions is fully efficient and thus has no trigger bias
uncertainty.
• Tracking efficiency. Two sources of uncertainty are considered. First, there are possible
track reconstruction differences in data and simulation. Following the method in
Ref. [43], it is estimated that the uncertainty in the track reconstruction efficiency
and misidentification rate corrections is 5% for PbPb and 2.4% for pp collisions.
Second, the ratio of corrected reconstructed yields to generator level yields is studied
for PYTHIA 8 and PYTHIA+HYDJET simulations. It is found that the reconstructed
and generated yields match within 3% in PbPb and 1% in pp collisions, and these
numbers are used as a systematic uncertainty from this source. An extra uncertainty
is added to tracks close to the jet axis, as in the high multiplicity environment around
the jet, the tracking efficiency is found to be 1–2% worse than far away from the jets.
• Acceptance correction. In an ideal case, the mixed-event corrected jet to charged-
particle angular distribution contains a jet peak and an uncorrelated underlying
event background. Since jet correlations are small angle correlations, the under-
lying event is expected to dominate far from the jet axis (sideband), and thus the
distribution at |η| > 1.5 should be uniform. To evaluate possible deviations from
the uniformity, a constant function is separately fit to each sideband region of the
acceptance-corrected ∆η distribution (−2.5 < ∆η < −1.5 and 1.5 < ∆η < 2.5). The
difference between the average yield in the positive and negative sides determined
this way is assigned as a systematic uncertainty.
• Underlying event subtraction. Uncertainties resulting from the underlying event sub-
traction are determined by considering the two parts of the sideband region, 1.5 <
|∆η| < 2.0 and 2.0 < |∆η| < 2.5, after the underlying event subtraction. The aver-
age yield is calculated in each of the regions and the larger deviation from zero is
assigned as a systematic uncertainty.
The total systematic uncertainties are obtained by adding all the individual components to-
gether in quadrature. For the leading and subleading jet correlations, the uncertainties inte-
grated over xj and ∆r are listed in Tables 2 and 3, respectively.
Table 2: Systematic uncertainties for the leading jet shape components, integrated over xj, and
∆r, and shown for pp and centrality-binned PbPb collisions. The ranges correspond to the
pT dependence of the uncertainty. If some pT bins have an uncertainty smaller than 0.5%, the
range is presented with a “<” symbol and the upper bound.
Source 0–10% 10–30% 30–50% 50–90% pp
Underlying event fluctuation bias <4% <3% <2% <1% —
Jet fragmentation bias <3% <2% <2% <2% <1%
Residual jet energy scale 3–7% 3–8% 3–8% 3–9% 1–9%
Jet energy resolution 1–3% 1–3% 1–3% 1–3% <2%
Trigger bias <2% <2% <2% <2% —
Tracking efficiency 6–8% 6–8% 6–7% 6–7% 3%
Acceptance correction <3% <3% <3% <3% <1%
Underlying event subtraction <4% <3% <3% <3% <2%
Total 8–14% 8–12% 8–12% 8–11% 3–10%
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Table 3: Systematic uncertainties for the subleading jet shape components, integrated over xj,
and ∆r, and shown for pp and centrality-binned PbPb collisions. The ranges correspond to the
pT dependence of the uncertainty. If some pT bins have an uncertainty smaller than 0.5%, the
range is presented with a “<” symbol and the upper bound.
Source 0–10% 10–30% 30–50% 50–90% pp
Underlying event fluctuation bias <1% <1% <1% <1% —
Jet fragmentation bias <3% <2% <1% <1% <1%
Residual jet energy scale 2–9% 2–9% 2–10% 2–10% 1–11%
Jet energy resolution 1–3% 1–2% 1–2% 1–2% 1%
Tracking efficiency 6% 6% 6% 6% 3%
Acceptance correction <1% <1% <1% <1% <1%
Underlying event subtraction <3% <3% <3% <3% <3%
Total 7–11% 7–11% 7–11% 7–11% 4–11%
7 Results
Figure 1 shows the results for charged-particle yields in the region |∆ϕ| < 1 as a function of
|∆η| from the leading jets. The intervals in track pT are indicated by the stacked histograms.
The first row shows the charged-particle yields without any selection on xj, while other rows
show the charged-particle yields in different bins of xj from the most unbalanced 0 < xj < 0.6
(second row) to the most balanced 0.8 < xj < 1.0 (fourth row) dijet events. The first panel in
each row shows the charged-particle yields for the pp collisions while other panels show the
same yields for the PbPb collisions in different centrality bins, from the most peripheral 50–90%
(second panel) to the most central 0–10% (fifth panel) collisions. Measurements of the per-jet
invariant charged-particle yields show an enhancement of these yields in PbPb relative to pp
collisions. The enhancement is greatest for central collisions and decreases for more peripheral
collisions. Comparing the different xj bins, the enhancement of the total PbPb yield relative to
pp yield is seen to increase slightly as the dijet momenta become more balanced. A geometrical
bias could explain this, as discussed, for example, in Ref. [46], since it can result in different path
lengths inside the medium for the leading and subleading jets. In balanced dijet events, both
jets lose significant amounts of energy, while in events with unbalanced dijet momenta, the
leading jet is most likely produced closer to the surface of the plasma, thus losing less energy.
The xj trend in PbPb collisions could also be influenced by energy loss fluctuations, as studied
in Ref. [47].
Figure 2 shows the results for charged-particle yields in the region |∆ϕ| < 1 presented differ-
entially in pchT , as a function of |∆η| for the subleading jets. The results are arranged in the same
manner as for leading jets in Fig. 1. As with the leading jets, the measurements of the per-jet
invariant charged-particle yields for subleading jets show an enhancement in PbPb relative to
pp collisions, with the greatest enhancement observed for central collisions. The magnitude of
this enhancement is larger than for the leading jets in Fig. 1 (note the different vertical scales
between the two figures). Comparing the different xj bins for the subleading jets, the enhance-
ment of the total PbPb yield relative to the pp yield is seen to slightly decrease as the dijet
momenta become more balanced. This is opposite to the trend found for the leading jets and
may reflect the greater path length through the plasma taken by the subleading jets for more
unbalanced dijet events. When comparing leading and subleading results, there also might be
an effect where the selection of leading and subleading jets in PbPb collisions is reversed as a
consequence of parton energy loss in quark-gluon plasma.
The jet radial momentum distributions P(∆r) and jet shapes ρ(∆r) are studied by examining
9
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Figure 1: Distributions of charged-particle yields correlated to leading jets in the region |∆ϕ| <
1 as a function of |∆η| for pp (first column) and PbPb (second to fifth columns) collisions in
different centrality bins, shown differentially for all pchT bins. The first row shows the charged-
particle yields without any selection on xj, while other rows show the charged-particle yields
in different bins of xj, starting with the most unbalanced 0 < xj < 0.6 (second row) to the most
balanced 0.8 < xj < 1.0 (fourth row) dijet events.
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ϕ∆ > 50 GeV, 
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1.5
Figure 2: Distributions of charged-particle yields correlated to subleading jets in the region
|∆ϕ| < 1 as a function of |∆η| for pp (first column) and PbPb (second to fifth columns) colli-
sions in different centrality bins, shown differentially for all pchT bins. The first row shows the
charged-particle yields without any selection on xj, while other rows show the charged-particle
yields in different bins of xj, starting with the most unbalanced 0 < xj < 0.6 (second row) to
the most balanced 0.8 < xj < 1.0 (fourth row) dijet events.
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the distribution of charged particles in annular rings of width δr = 0.05 around the jet axis.
The jet radial momentum profile P(∆r) is the transverse momentum weighted distribution of









where ∆ra and ∆rb define the annular edges of ∆r, and δr = ∆rb − ∆ra. The jet shape ρ(∆r) is





The main difference between these two is that while jet shapes focus exclusively on studying
the shape of the distribution, jet radial momentum distributions are sensitive to changes in the
absolute scale of the in-jet momentum flow between pp and PbPb collisions.
Figure 3 shows the jet radial momentum distributions in PbPb and pp collisions differentially
in pchT . The first row shows the jet radial momentum distribution for the leading jets, while the
second row is for subleading jets. The first panel in each row shows the results for pp collisions,
while other panels are for PbPb collisions in different centrality bins, starting from the most
peripheral 50–90% (second panel) to the most central 0–10% (fifth panel) collisions. For both
leading and subleading jets, when going toward more central events, the momentum profile
at large ∆r is enhanced in PbPb collisions over the one in pp collisions. The enhancement is
largest for the low-pT charged particles, as expected if the energy lost at high pT resulting from
interactions of partons with the quark-gluon plasma reappears in the form of low-pT particles
far away from the jet axis.
Figure 4 shows the PbPb to pp collision ratio of the jet radial momentum profiles for different
centrality bins. A clear trend can be seen in these plots. The enhancement of the PbPb radial
momentum distribution over the pp distribution is the largest for the most central collisions
and for larger separations of the charged particles from the jet axis. The enhancement for
subleading jets is not as large as for the leading jets because of the widening of the pp reference
distribution. The main reason of this widening is the fact that subleading jets have significantly
lower pT compared to leading jets, and jet shapes for lower pT jets are wider.
The jet shape results for the leading jets are presented in Fig. 5. The first row shows the jet
shape without any selection on xj, while other rows show the jet shape in different xj bins.
The first panel in each row shows the jet shape for pp collisions. Without xj selection, about
3.7% of the total charged-particle constituent pT is out-of-cone (R > 0.4). This does not change
significantly as a function of xj, varying between 3.5% and 3.8% from the most unbalanced to
the most balanced studied xj bins. The other panels are for PbPb collisions in different centrality
bins. When compared to pp collisions, there is an enhancement of low-pT charged particles in
PbPb collisions. This enhancement is greater for central events than for peripheral events.
The modifications to the leading jet shapes in PbPb collisions are quantified in Fig. 6, which
shows the ρ(∆r)PbPb/ρ(∆r)pp ratios in different centrality and xj bins. When going toward
more central events from the peripheral ones, there is an enhancement of the PbPb jet shape
compared to the pp shape at large ∆r. As already seen in the charged-particle yield plots of
Fig. 1, the differences between pp and PbPb results for leading jets are the largest for the most
balanced collisions (0.8 < xj < 1.0) and become smaller as the two jet momenta become less
balanced.
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Figure 3: Jet radial momentum profile P(∆r) for pp (first column) and PbPb (second to fifth
columns) collisions in different centrality bins as a function of ∆r, shown differentially in pchT
for leading (upper row) and subleading (lower row) jets.
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Figure 4: The PbPb to pp ratio of the jet radial momentum distributions as a function of ∆r,
P(∆r)PbPb/P(∆r)pp , for different centrality bins for the leading jets (upper row) and subleading
jets (lower row).
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CMS Leading jet shape
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Figure 5: Leading jet shapes ρ(∆r) (normalized to unity over ∆r < 1) for pp (first column) and
PbPb (second to fifth columns) collisions in different centrality bins as a function of ∆r, shown
differentially in pchT for the inclusive xj bin (first row) and in differential bins 0 < xj < 0.6
(second row), 0.6 < xj < 0.8 (third row), and 0.8 < xj < 1.0 (fourth row).
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CMS Leading jet shape ratios
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Figure 6: The PbPb to pp ratio as a function of ∆r for leading jet shapes, ρ(∆r)PbPb/ρ(∆r)pp , in
different centrality bins for 0 < xj < 0.6 (upper row), 0.6 < xj < 0.8 (middle row) and 0.8 <
xj < 1.0 (lower row) dijet selections. The leading jet shape ratio for all dijets, i.e., without any
selection on the dijet momentum balance are also shown in each row for comparison. The error
bars represent the statistical uncertainties and the shaded areas the systematic uncertainties.
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Figure 7 shows the jet shape results differentially in charged-particle pT for the subleading
jets, for different selections of centrality and xj. As also found for the leading jet results, an
enhancement of low-pT charged particles in PbPb collisions is seen for the subleading jet. Also,
the unbalanced pp collision distribution is not monotonically decreasing toward large ∆r, but
there is an enhancement around ∆r ∼ 0.5, which is mostly caused by high-pT particles. As the
jet cone size used for this analysis is R = 0.4, these particles are not a part of the subleading jet.
This enhancement is still somewhat visible in the peripheral PbPb collisions, but disappears
for the central events. In the balanced collisions, no enhancement of high-pT particles at large
∆r is visible. To create an unbalanced dijet configuration in pp collisions, there is most often
a third jet to conserve momentum, as confirmed by Monte Carlo studies and 3-jet selection in
pp events, which explains the enhancement of high-pT particles outside of the jet cone. The
observed features lead to a much more significant xj dependence for the out-of-cone charged-
particle constituent pT fractions compared to those seen for leading jets. While only 7% of
the total charged-particle constituent pT is out-of-cone for balanced dijets (0.8 < xj < 1) in
pp collisions, this fraction increases to 20% for unbalanced dijets (0 < xj < 0.6). Without xj
selection, the fraction is about 11%. In central heavy ion collisions, the jet energy can be lost
to the medium and is seen as excess low-pT particles at larger angles rather than as a third
reconstructed jet.
The subleading jet shape ratios ρ(∆r)PbPb/ρ(∆r)pp in different centrality and xj bins are shown
in Fig. 8. There is a broadening of the PbPb jet shape compared to the pp shape when going
toward more central events from the peripheral ones. However, in the most unbalanced (0.0 <
xj < 0.6) and in moderately balanced (0.6 < xj < 0.8) events, the ratio between PbPb and pp jet
shapes first peaks around ∆r = 0.4, then gets close to one at large ∆r. The enhancement from
small ∆r toward the edge of the jet cone at ∆r = 0.4 is explained by jet quenching. Outside the
jet cone, the ratio gets closer to unity because of the reduced influence of any potential third
jet in PbPb collisions, as discussed for Fig. 7. If there would be no contribution from particles
related to the third jet in the pp jet shape, the enhancement would be the greatest at high ∆r
also in these events, as is the case for the most balanced (0.8 < xj < 1.0) events. Notice that the
leading and subleading jet pT can still be up to 20% different in this most balanced bin. This
explains the ratio differences in this bin between leading jets in Fig. 6 and subleading jets in
Fig. 8.
The ratio of jet shapes in momentum balanced and unbalanced samples with the xj inclusive
sample for leading jets is presented in Fig. 9 and for subleading jets in Fig. 10. Taking this ratio
cancels the systematic uncertainties related to tracking and the jet energy scale. However, the
uncertainties related to the jet energy resolution do not cancel and are included in the system-
atic uncertainties. For the leading jets, the jet shapes in the unbalanced 0 < xj < 0.6 bin are
narrower than in the xj inclusive sample. Conversely, in the balanced 0.8 < xj < 1.0 bin, the
jet shapes are wider. For the subleading jets in Fig. 10, the behavior is exactly opposite to the
leading jets, the jet shapes in the unbalanced bin are wider and in the balanced bin narrower
compared to the xj inclusive case. This is similar to the xj dependence seen for the charged-
particle distributions.
8 Summary
The CMS experiment has measured charged-particle yields and jet shapes in events containing





= 5.02 TeV collected in 2017 and 2018. When comparing the charged-
particle yields around the jet axes, an excess of low transverse momentum (pT) particles is
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CMS Subleading jet shape
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Figure 7: Subleading jet shapes ρ(∆r) (normalized to unity over ∆r < 1) for pp (first column)
and PbPb (second to fifth columns) collisions in different centrality bins as a function of ∆r,
shown differentially in pchT for the inclusive xj bin (first row) and in differential bins 0 < xj < 0.6
(second row), 0.6 < xj < 0.8 (third row), and 0.8 < xj < 1.0 (fourth row).
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CMS Subleading jet shape ratios
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Figure 8: The PbPb to pp ratio as a function of ∆r for subleading jet shapes, ρ(∆r)PbPb/ρ(∆r)pp ,
in different centrality bins for 0 < xj < 0.6 (upper row), 0.6 < xj < 0.8 (middle row) and
0.8 < xj < 1.0 (lower row) dijet selections. The subleading jet shape ratio for all dijets, i.e.,
without any selection on the dijet momentum balance are also shown in each row for compar-
ison. The error bars represent the statistical uncertainties and the shaded areas the systematic
uncertainties.
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Figure 9: Ratio of momentum-unbalanced (0.0 < xj < 0.6, upper row) and balanced (0.8 <
xj < 1.0, lower row) jet shapes to xj integrated jet shapes for leading jets in pp collisions
and different PbPb centrality bins as a function of ∆r. The error bars represent the statistical
uncertainties and the shaded areas the systematic uncertainties.
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Figure 10: Ratio of momentum-unbalanced (0.0 < xj < 0.6, upper row) and balanced (0.8 <
xj < 1.0, lower row) jet shapes to xj integrated jet shapes for subleading jets in pp collisions
and different PbPb centrality bins as a function of ∆r. The error bars represent the statistical
uncertainties and the shaded areas the systematic uncertainties.
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observed in PbPb with respect to pp collisions. This excess is larger for subleading jets com-





T dependence for the leading and subleading jets. A possible cause for xj
imbalance is that the leading jet is produced near the surface of the quark-gluon plasma while
the subleading jet needs to traverse a longer distance through the plasma. The leading jets
show the strongest modifications in balanced events (xj ≈ 1), while subleading jets experience
the most pronounced modifications in events with a large jet momentum imbalance. A possi-
ble explanation is that in balanced events both jets lose a comparable amount of energy, while
in events with a momentum imbalance the leading jet loses significantly less energy. Further-
more, jet quenching could lead to the reversal of the apparent leading/subleading ordering
and energy loss fluctuations in PbPb collisions could also play a role.
For the jet shapes, which are normalized distributions of charged-particle transverse momen-
tum as a function of the distance from the jet axis, a redistribution of energy is observed from
small angles with respect to the jet axis to larger angles when comparing PbPb and pp events.
The difference between the PbPb and pp results is larger for the leading jets compared to the
subleading jets, which can be explained by the subleading jet distribution in pp collisions being
significantly wider than that for leading jets. When studying the unbalanced xj selection for the
subleading jets in pp collisions, a fragmentation pattern consistent with the presence of a third
jet is observed. Such a pattern is not observed in balanced pp events or in the PbPb sample. As
a result, the enhancement of the PbPb to pp ratio for unbalanced events peaks around ∆r = 0.4
and becomes smaller at larger ∆r.
When comparing the jet shapes corresponding to different dijet momentum balance condi-
tions, the distributions for leading jets are found to be the widest for events with balanced jet
momenta. For subleading jets, the situation is the opposite, and the widest distributions are
found from events having a significant momentum imbalance. These observations are consis-
tent with the interpretation of the charged-particle yield measurements, namely that the aver-
age path length inside the medium for leading jets is larger for momentum balanced events,
while for subleading jets it is larger in unbalanced events. By studying the charged-particle
yields correlated to jets and jet shapes for the first time as a function of dijet momentum bal-
ance, this study provides new constraints to the theoretical models and provides a unique way
to explore the transition between the domains of weakly and strongly interacting QCD matter.
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A Dijet momentum balance migration matrices
Jet energy resolution effects may cause the xj of the dijet system to migrate from one bin to
another. The magnitude of this effect can be estimated from simulation. The plots illustrating
xj bin migrations in PYTHIA 8 (pp) and PYTHIA+HYDJET (PbPb) simulations are presented in
Figs. A.1 and A.2. The plots in Fig. A.1 give the probability for the generator level dijet to
be in a specific xj bin, given the xj bin for the reconstructed dijet while those in Fig. A.2 give
the probability for the reconstructed dijet to be in a specific xj bin, given the xj bin for the
generator level dijet. For example, for the PYTHIA 8 simulation in the leftmost plot of the top
row in Fig. A.1, if the reconstructed dijet is in the bin 0 < xj < 0.6, the probability that the
generator level dijet is also in this bin is 56.5%. It can be seen from these plots that the xj values
in central heavy collisions are more strongly broadened than in pp collisions in the simulation.
In general, generator-level xj values tend to be higher than the reconstructed ones, meaning




















































































































































Figure A.1: Generator-level vs. reconstructed xj values in the analysis xj bins. The plots show
the probability to find a generator level xj for a given reconstructed xj. The PYTHIA 8 simulation


















































































































































Figure A.2: Generator-level vs. reconstructed xj values in the analysis xj bins. The plots show
the probability to find a reconstructed xj for a given generator level xj. The PYTHIA 8 simulation
is shown in the upper-left plot while the most central PYTHIA+HYDJET is shown in the lower-
right plot.
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A.K. Kalsi, I. Makarenko, L. Moureaux, L. Pétré, A. Popov, N. Postiau, E. Starling, L. Thomas,
C. Vander Velde, P. Vanlaer, D. Vannerom, L. Wezenbeek
Ghent University, Ghent, Belgium
T. Cornelis, D. Dobur, M. Gruchala, I. Khvastunov4, M. Niedziela, C. Roskas, K. Skovpen,
M. Tytgat, W. Verbeke, B. Vermassen, M. Vit
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J. Rander, A. Rosowsky, M.Ö. Sahin, A. Savoy-Navarro18, M. Titov, G.B. Yu
Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique
de Paris, Palaiseau, France
S. Ahuja, F. Beaudette, M. Bonanomi, A. Buchot Perraguin, P. Busson, C. Charlot, O. Davignon,
B. Diab, G. Falmagne, R. Granier de Cassagnac, A. Hakimi, I. Kucher, A. Lobanov,
C. Martin Perez, M. Nguyen, C. Ochando, P. Paganini, J. Rembser, R. Salerno, J.B. Sauvan,
Y. Sirois, A. Zabi, A. Zghiche
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S. Mitra, D. Müller, Th. Müller, M. Musich, G. Quast, K. Rabbertz, J. Rauser, D. Savoiu,
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Università di Siena d, Siena, Italy
K. Androsova, P. Azzurria, G. Bagliesia, V. Bertacchia ,c, L. Bianchinia, T. Boccalia, R. Castaldia,
M.A. Cioccia,b, R. Dell’Orsoa, M.R. Di Domenicoa,d, S. Donatoa, L. Gianninia ,c, A. Giassia,
M.T. Grippoa, F. Ligabuea ,c, E. Mancaa ,c, G. Mandorlia ,c, A. Messineoa,b, F. Pallaa, G. Ramirez-
Sancheza ,c, A. Rizzia ,b, G. Rolandia,c, S. Roy Chowdhurya ,c, A. Scribanoa, N. Shafieia ,b,
P. Spagnoloa, R. Tenchinia, G. Tonellia,b, N. Turinia,d, A. Venturia, P.G. Verdinia
INFN Sezione di Roma a, Sapienza Università di Roma b, Rome, Italy
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